INTRODUCTION
Fatty acids are essential components of plant cells. In plants, triacylglycerols accumulate up to 90% (dry wt) in the fruit mesocarp and no higher than 60% in seeds (Ohlrogge and Browse, 1995; Baud and Lepiniec, 2010; Bourgis et al., 2011) . Seed oil biosynthesis has been intensively studied and this has revealed transcription factors that coordinate protein storage and triacylglycerol biosynthesis during seed development and maturation. LEAFY COTYLE-DON 1 (LEC1), LEAFY COTYLEDON 2 (LEC2), FUSCA 3 (FUS3) and ABSCISIC ACID INSENSITIVE 3 (ABI3) are transcriptional master regulators that orchestrate seed filling, storage protein accumulation, seed maturation and storage oil biosynthesis in seed oil-producing crops (Parcy et al., 1997; Lotan et al., 1998; To et al., 2006; Baud and Lepiniec, 2010) . LEC1 belongs to the heterotrimeric CCAAT-box binding or nuclear factor of the Y box B (NF-YB) family, and constitutive expression of LEC1 induces transcriptional changes of FUS3, ABI3 and LEC2, important for the regulation of seed protein storage synthesis and seed maturation in Arabidopsis (Giraudat et al., 1992; Luerben et al., 1998; Stone et al., 2001; Kagaya et al., 2005) .
Master regulators of seed development LEC1 and LEC2 directly regulate WRINKLED1 (WRI1), which is implicated as key regulator of oil biosynthesis in Arabidopsis (Focks and Benning, 1998; Baud et al., 2007; Mu et al., 2008) . WRI1 encodes a transcription factor of the APETALA2/ethylene-responsive element binding (AP2/EREBP) family. WRI1 binds to AW-box [CnTnG(n) 7 CG] that is conserved among proximal upstream regions of genes encoding key enzymes involved in the pathways of late glycolytic and de novo fatty acid production in the plastid (Cernac and Benning, 2004; Baud et al., 2007 Baud et al., , 2009 To et al., 2012) . Brassica napus BnWRI1 regulates genes involved in oil biosynthesis and photosynthesis pathways, and accelerates flowering and oil accumulation in seeds and leaves (Wu et al., 2014; Li et al., 2015) . WRI1 orthologues from other plant species have also been implicated in transactivation of genes involved in photosynthesis, amino acid biosynthesis, flowering and fibre development (Wu et al., 2014; Li et al., 2015; Pouvreau et al., 2011) , suggesting WRI1 has pleiotropic roles in plants in addition to its role in the regulation of the fatty acid biosynthesis pathway.
Transcriptome analyses of oil palm and date palm (Phoenix dactylifera) revealed 57-fold higher expression of WRI1 orthologue in oil palm mesocarp in a coordinated manner with fruit development and fatty acid accumulation (Bourgis et al., 2011; Tranbarger et al., 2011) . Comparative transcriptome analysis of oil palm mesocarp, endosperm and embryo identified three tissue-specific WRI1 orthologues, with EgWRI1-1 being massively transcribed in oil palm mesocarp (Dussert et al., 2013) . EgWRI1-1 restores the low oil content phenotype of wri1 Arabidopsis mutant seeds and activates the expression of oil biosynthesis pathway genes (Ma et al., 2013) . The lack of orthologues to WRI1 regulators LEC2, LEC1, FUS3 and ABI3 suggests a fruit-specific transcriptional network in oil palm independent of the upstream factors that participate in seed development (Bourgis et al., 2011; Dussert et al., 2013) . Despite oil palm being the most efficient oil-producing plant (Ohlrogge and Browse, 1995) with considerable knowledge on fatty acid metabolic pathways, its transcriptional network still remains largely unknown. Hence, identifying factors that modulate fruit-specific oil biosynthesis would enhance our ability to increase oil productivity in future.
Herein, we report the characterization and functions of several transcription factors, EgWRI1-1, EgABI5, EgNF-YA3, EgNF-YC2, EgWRKY2 and EgWRKY40 in the modulation of the oil biosynthesis pathway in oil palm mesocarp. We demonstrate that genes involved in oil biosynthesis of mesocarp are direct targets of EgWRI1-1, EgABI5, EgN-F-YA3 and EgNF-YC2, and behave as transcriptional activators of the oil biosynthesis pathway. We also provide evidence that EgWRI1-1 transcription is activated by EgNF-YA3, EgNF-YC2 and EgABI5. We investigated the fruit-specific oil biosynthesis transcriptional network components and built a model for the transcriptional network determining the oil biosynthesis in oil palm mesocarp in response to hormonal changes during fruit development.
RESULTS

EgWRI1-1 regulates oil biosynthesis gene expression in oil palm mesocarp
In oil palm mesocarp, EgWRI1-1 transcripts are highly expressed during oil deposition (Dussert et al., 2013) . This prompted us to investigate the roles of EgWRI1-1 in the regulation of oil biosynthesis genes, specifically in mesocarp. To understand the role of EgWRI1-1 in the regulation of mesocarp oil biosynthesis, we examined the interaction of EgWRI1-1 with oil biosynthesis genes. We detected AWbox elements [CnTnG] (n)7 [CG] in the proximal regions of 10 genes encoding enzymes for the synthesis and accumulation of fatty acids, including ATP-CITRATE SYNTHASE (EgACS), 1-ACYL-SN-GLYCEROL-3-PHOSPHATE ACYL-TRANSFERASE (EgLPAAT), PYRUVATE DEHYDROGENASE E1 COMPONENT SUBUNIT b (EgPDHE1b), BIOTIN CAR-BOXYL CARRIER PROTEIN OF ACETYL COENZYME A CAR-BOXYLASE I (EgBCCP), ACETYL COENZYME A CARBOXYLASE (EgACCase), ACYL-CARRIER PROTEIN 1 (EgACP1), b-KETOACYL-ACYL CARRIER PROTEIN SYNTHE-TASE 3 (EgKASIII), ENOYL-ACYL CARRIER PROTEIN REDUCTASE (EgEAR), FATTY ACID ACYL-ACYL CARRIER PROTEIN THIOESTERASE (EgFATB) and LONG CHAIN FATTY ACID COENZYME A LIGASE 4 (EgLACS). We performed transient analysis to examine transactivation activity of these 10 genes by EgWRI1-1 overexpression in oil palm mesocarp. The expression levels of EgACS, EgEAR, EgKASIII, EgLACS, EgLPAAT, EgPDHE1b, EgBCCP, EgACCase and EgACP1 were elevated 24 h post bombardment compared with wild-type (Figure 1) . Notably, the expression of EgFATB was not altered with overexpression of EgWRI1-1. These results suggested that EgWRI1-1 positively regulates the expression of genes encoding several of the major enzymes involved in de novo fatty acid synthesis or oil accumulation in mesocarp.
EgWRI1-1 overexpression promotes early flowering and increases seed oil content in Arabidopsis
To study the reproductive and seed development effects of EgWRI1-1, we generated transgenic plants overexpressing EgWRI1-1 in Arabidopsis wild-type and mutant atwri1-4 lines. Three independent lines of transgenic WT:Pro 35S Eg-WRI1-1, atwri:Pro 35S EgWRI1-1 and wild-type plants were used for phenotypic and biochemical characterization. In atwri:Pro 35S EgWRI1-1 transgenic lines, the vegetative and reproductive growth characteristics were not different between atwri1-4 mutant and wild-type (Figure 2a ), but the wrinkled phenotype of atwri1-4 seeds was successfully rescued by EgWRI1-1 (Figure 2b ). Overexpression of EgWRI1-1 in wild-type accelerated flowering and vegetative development in Arabidopsis. At 16-days post germination under long-day conditions, the rosette leaves were fully developed with inflorescence emergence and first floral buds visible in the rosette of transgenic WT:Pro 35S EgWRI1-1 plants, while similar phenotypes were achieved in wild-type at 25-days post germination (Figure 2a) . Leaves of transgenic WT:Pro 35S EgWRI1-1 plants were slightly enlarged and their vegetative growth was not compromised by accelerated reproductive growth. Transgenic WT:Pro 35S EgWRI1-1 increased seed number and size compared with wild-type (Table S1 and Figure 2b , c). Notably, WT:Pro 35S EgWRI1-1 plants had an increase in shoot branching at 23-days post germination and an increased proportion of siliques with larger size (Figure 2d , e and Table S1 ). Expression of all target genes was activated in mature seeds of transgenic WT: Pro 35S EgWRI1-1 (Figure 2f ) plants, confirming that EgWRI1-1 is a positive regulator of the oil biosynthesis pathway. The mean seed total oil content increased from 53.8 to 65% (total oil content on a dry weight basis) in WT:Pro 35S EgWRI1-1 transgenic lines over that of the wild-type (Figure 2g ).
To explore the accelerated flowering phenomenon, transcriptome profiling in rosette leaves of transgenic WT: Pro 35S EgWRI1-1 at 18-days post germination with (a) Schematic diagram of carbon metabolism and de novo fatty acid biosynthesis in oil palm mesocarp. PEP, phosphoenolpyruvate; Ac-CoA, acetyl-CoA; MalCoA, malonyl-CoA; ACP, acyl carrier protein; FFA, free fatty acid; LCFA, long chain fatty acid; DHAP, dihydroxyacetone-3-phosphate; PC, phosphatidylcholine; EgPDH, pyruvate dehydrogenase; EgACCase, acetyl-CoA carboxylase; EgMAT, malonyl-CoA:ACP transacylase; EgKAS, 3-ketoacyl-ACP synthase; EgACP, acylcarrier protein; EgKAR, 3-ketoacyl-ACP reductase; EgHAD, 3-hydroxyacyl-ACP dehydratase; EgEAR, enoyl-ACP reductase; EgTECR, trans-2,3-enoyl-CoA reductase; EgSAD, stearoyl-ACP desaturase; EgFAT, fatty acid acyl-ACP thioesterase; EgG3PDH, glycerol-3-phosphate dehydrogenase; EgLACS, long-chain acyl-CoA synthetase; EgGPAT, glycerol-3-phosphate acyltransferase; EgLPAAT, lysophosphaditic acid acyltransferase; EgPAP, phosphatic acid phosphohydrolase; EgD-GAT, diacylglycerol acyltransferase; EgCPT, CDP-choline:DAG cholinephosphotransferase; EgPDCT, PC:DAG cholinephosphotransferase; EgPDAT, phospholipid: diacylglycerol acyltransferase; EgLPCAT, acyl-CoA:lysophosphatidylcholine acyltransferase; EgFAE1, fatty acid elongation 1; EgFAD, fatty acid desaturase. Target genes of EgWRI1-1 are circled in red.
(b) Transient EgWRI1-1 activation of fatty acid biosynthesis genes in oil palm mesocarp was determined by qRT-PCR. Data are presented as fold-change normalized with pEG103 (vector control) and normalization factors, EgCyp2 and EgGRAS. Data are average values AESE from three independent experiments (n = 7 each). *P < 0.05, **P < 0. Figure S1 and Data S1). Differentially expressed genes were highly enriched for biological processes related to reproduction, circadian rhythmic process, signaling and response to stimulus ( Figure S1 and Data S1). During the transition from vegetative growth to early inflorescence emergence in WT:Pro 35S EgWRI1-1, there was no significant differential expression of genes encoding known flowering pathway regulators such as CONSTANS, FLOWERING LOCUS C, FLOWERING LOCUS T and APE-TALA 2. However, several components involved in photoperiodic response control, a critical developmental switch for floral transition, were differentially expressed (Data S1). The expression of LONG HYPOCOTYL IN FAR-RED, a positive regulator in photoperiodic control of flowering, and delta 1-pyrroline-5-carboxylate synthase 2 involved in proline metabolism influencing vegetative to flowering transition were upregulated in WT:Pro 35S Eg-WRI1-1. Antagonistically, EARLY FLOWERING 4 involved in photoperiod perception that delays flowering time (Doyle et al., 2002) , PSEUDO-RESPONSE REGULATOR 3, a component of circadian clock that affects flowering time under long-day photoperiod conditions (Murakami et al., 2004) , and WD-40 repeat containing protein in autonomous flowering pathway were downregulated in WT:Pro 35S EgWRI1-1. These changes in spatiotemporal expression suggest that EgWRI1-1 accelerated flowering by affecting target genes involved in photoperiod response, circadian clock and autonomous flowering pathways.
EgWRI1-1 transcription is regulated by EgNF-YA3, EgNF-YC2 and EgABI5 transcription factors
To identify regulators of EgWri1-1, we examined the regulatory elements at the promoter of EgWRI1-1 and identified the ABA-responsive element (ABRE) for ABA-responsive or basic leucine zipper (bZIP) factors, W-box elements for WRKY family proteins and CCAAT-box binding elements for nuclear factor Y (NFY) family proteins at the promoter of EgWRI1-1 (Figure 3a ). In addition, our previous transcriptome analyses comparing high-and low-yielding oil palm mesocarp throughout key ripening stages revealed a number of differentially expressed transcription factors. Figure S2 ). Discrepancies were noted between three platforms across the time points investigated, potentially due to differences in the sensitivity, dynamic range and accuracy of the technologies. Given that these five transcription factors are members of families that bind to ABRE, W-box and CCAAT-box binding elements found in the promoter of EgWRI1-1, and EgABI5, EgNF-YA3 and EgNF-YC2 belong to the same families as the known WRI1 regulators in Arabidopsis, LEC1 and ABI3 (Focks and Benning, 1998; Baud et al., 2007) , they warranted further investigation.
To investigate if these transcription factors regulate EgWRI1-1, we first performed transient transactivation analysis by overexpressing EgABI5, EgNF-YA3, EgNF-YC2, EgWRKY2 and EgWRKY40 in oil palm mesocarp. Expression of EgWRI1-1 was activated by EgABI5, EgNF-YC2 and significantly higher by EgNF-YA3 (Figure 3b ), but not affected by EgWRKY2 and EgWRKY40, suggesting EgWRKY2 and EgWRKY40 are not regulators of EgWRI1-1. We conducted electrophoretic mobility shift assay (EMSA) to investigate direct activation of EgWRI1-1 by EgABI5, EgNF-YA3 and EgNF-YC2. The EgWRI1-1 fragment containing ABRE was bound by recombinant GST-His 6 :EgABI5 and resulted in a mobility shift (Figure 3c) . Similar mobility shifts were observed in the interactions between GST-His 6 :EgNF-YC2 and GST-His 6 : EgNF-YA3 proteins with fragment of EgWRI1-1 (f) Target genes expression regulated by EgWRI1-1 in mature seeds of WT:Pro 35S EgWRI1-1, analyzed using qRT-PCR. Data are fold-change normalized with pEG103 (vector control) and normalization factors, AtARP6, AtPP2AA2 and AtASAR1. Data are average values AESE from three independent experiments (n = 3 each). *P < 0.05, **P < 0.01 (t-test). (g) Total oil contents of mature dry seeds from wild-type, atwri1-4 mutants, atwri1-4:Pro 35S EgWRI1-1 and WT:Pro 35S EgWRI1-1. Values are mean AE SE of three independent experiments performed on batches of 25 mg seeds from three distinct individuals. DW, dry weight. *P < 0.05, **P < 0.01 (t-test). [Colour figure can be viewed at wileyonlinelibrary.com].
containing CCAAT-box binding elements ( Figure 3c ). Furthermore, deletion of the CCAAT-box binding element from the fragment abolished the interaction. We confirmed that EgABI5, EgNF-YA3 and EgNF-YC2 bound specifically to the ABRE and CCAAT-box binding elements and directly regulate EgWRI1-1 expression.
EgABI5, EgNF-YA3 and EgNF-YC2 activate oil accumulation through regulation of oil biosynthesis genes
To study the roles of EgABI5, EgNF-YA3 and EgNF-YC2 in oil accumulation, we overexpressed these transcription factors in Arabidopsis. Three independent transgenic lines of WT:Pro 35S EgABI5 had an enhanced seed total oil content ranging from 18.9% to 34.4% (Figure 4a ). Seeds from three independent WT:Pro 35S EgNF-YA3 and WT:Pro 35S EgNF-YC2 transgenic lines also displayed enhanced total oil content of 22-41.9% and 28.9-36.2%, respectively, over wild-type (Figures 4b, c and S3). These transgenic lines displayed an early-flowering phenotype 18-days after germination, and increased shoot branching at 24-days post germination onwards, similar to the phenotypes of transgenic WT:Pro 35S EgWRI1-1 (Figure 4a-c) . These results strongly suggest that EgABI5, EgNF-YA3 and EgNF-YC2 participate in the reproductive development and oil biosynthesis pathways in concert with EgWRI1-1.
To confirm the regulation of oil biosynthesis genes by EgABI5, EgNF-YC2 and EgNF-YA3, we first screened for the binding elements of these transcription factors in the upstream region of oil biosynthesis genes. ABRE binding elements for EgABI5 was identified in the promoters of seven oil biosynthesis genes including
and FATTY ACID CHAIN ELONGATION 1 (EgFAE1). The CCAAT-binding elements for EgNF-YA3 and EgNF-YC2 were identified in the promoter regions of 11 oil biosynthesis genes including EgACCase, EgKAR, EgKASI, EgKASIII, TRANS-2,3-ENOYL-COA REDUCTASE (EgTECR), EgEAR, EgFATB, EgDGAT1, EgPDAT, EgFAE1 and x-3 FATTY ACID DESATURASE (EgFAD3). We quantified the mRNA levels of target oil biosynthesis genes upon transactivation by EgABI5, EgNF-YA3 and EgNF-YC2 in oil palm mesocarp. Expression of all target oil biosynthesis genes was significantly activated by the respective transcription activators (Figure 4a -c) and these expression profiles were confirmed in the mature seeds of WT: Pro 35S EgABI5, WT:Pro 35S EgNF-YA3 and WT:Pro 35S EgNF-YC2 ( Figure S4 ). We further investigated their interactions using EMSA. Recombinant GST-His 6 :EgABI5 bound to six promoters of its target oil biosynthesis genes except EgFAE1 ( Figure S5 ), suggesting that EgABI5 regulates EgACCase, EgKAR, EgKASIII, EgEAR, EgDGAT1 and EgDGAT2 in a direct manner and indirectly regulates EgFAE1. The GST-His 6 :EgNF-YA3 and GST-His 6 :EgNF-YC2 proteins bound to all 11 promoters of their target oil biosynthesis genes ( Figure S5 ). These data suggest that EgABI5, EgNF-YA3 and EgNF-YC2 are positive regulators of the oil biosynthesis pathway and they potentially Data are presented as fold-change normalized with pEG103 (vector control) and normalization factors, EgCyp2 and EgGRAS. Data are average values AE SE from three independent experiments (n = 7 each). *P < 0.05, **P < 0.01 (t-test).
(c) EgWRI1-1 and mutant (abolished cis-elements of EgNF-YA3, EgNF-YC2 and EgABI5) EgWRI1-1 promoter fragments were interacted with recombinant GST:His6-EgNF-YA3, GST:His6-EgNF-YC2 and GST:His6-EgABI5. GST: His6-protein was included as a control in the assays. Fragment 1, EgNF-YA3; Fragment 2, EgNF-YC2; Fragment 3, EgABI5.
increased total oil content in seeds through direct binding to the promoters of oil biosynthesis genes and activate their transcription.
EgWRKY40 negatively regulates EgABI5 and represses fatty acid biosynthesis
ABI5 and ABI4 are downstream targets of WRKY40, WRKY60 and WRKY18 in Arabidopsis (Liu et al., 2012) . We examined the regulation of EgABI5 by EgWRKY40. W-box element for EgWRKY factors was identified in the promoter of EgABI5 and a band shift was observed in EMSA reaction between EgABI5 with GST-His 6 :EgWRKY40 proteins ( Figure 5a ). Transient transactivation analysis in oil palm mesocarp showed that EgWRKY40 repressed expression of EgABI5 (Figure 5b ), while not being affected by EgWRKY2, suggesting a direct regulation of EgABI5 by EgWRKY40 transcription factor. We then explored whether EgWRKY40 was involved in direct regulation of oil biosynthesis genes. In silico analyses identified W-box elements in the promoters of eight oil biosynthesis genes, including EgACCase, EgFAS, EgKAR, EgKASIII, EgTECR, EgEAR, EgDGAT1 and PHOS-PHOLIPID:DIACYLGLYCEROL ACYLTRANSFERASE (EgP-DAT). EMSA analyses showed that EgWRKY40 and EgWRKY2 bound to the W-box element located in the promoters of all except EgKASIII ( Figure S6 ). To investigate their regulation of oil biosynthesis genes, the expression levels of target genes were examined in an oil palm mesocarp transient system overexpressing EgWRKY2 and EgWRKY40. The expression of the target oil biosynthesis genes were downregulated significantly by both EgWRKY2 and EgWRKY40 (Figure 5c, d ).
To further investigate the effect of EgWRKY2 and EgWRKY40 on oil accumulation, we generated transgenic plants overexpressing both repressors. Overexpression of EgWRKY2 and EgWRKY40 exhibited a similar phenotype as wild-type and did not affect floral Values are mean AE standard error (SE) of three independent experiments from three individuals. DW, dry weight. *P < 0.05, **P < 0.01 (t-test). The qRT-PCR data are fold-change normalized with pEG103 (vector control) and normalization factors, EgCyp2 and EgGRAS. Data are average values AEstandard error (SE) from three independent experiments (n = 7 each). *P < 0.05, **P < 0.01 (t-test). [Colour figure can be viewed at wileyonlinelibrary.com].
development. Transgenic lines of WT:Pro 35S EgWRKY2 displayed slower vegetative development with lesser, smaller and shorter rosette leaves at 35-days post germination ( Figure 5e ). Vegetative development was not affected in transgenic WT:Pro 35S EgWRKY40 plants, but a slight improvement in reproductive growth was observed (Figure 5f ). Seeds from the transgenic lines of both repressors were smaller in size, with decreased length and width compared with wild-type ( Figure S7 ). Seed total oil content was significantly decreased by 10.5-21.4% in WT:Pro 35S EgWRKY2, while being increased slightly in WT:Pro 35S EgWRKY40 transgenic seeds despite their reduced size ( Figure S7 ), suggesting that EgWRKY40 may be involved in other seed developmental roles separate to EgWRKY2.
Activators and repressors interact to regulate oil biosynthesis in oil palm mesocarp
We demonstrated that EgABI5, EgNF-YA3, EgNF-YC2, EgWRKY2 and EgWRKY40 directly regulate transcription of oil biosynthesis genes in oil palm mesocarp. To establish the roles of these transcription factors along with EgWRI1-1 in the mesocarp oil biosynthesis regulatory network, we performed yeast two-hybrid and co-immunoprecipitation experiments. A yeast two-hybrid experiment demonstrated direct interaction between EgWRI1-1 and EgNF-YA3, and this was confirmed through co-immunoprecipitation (Figure S8 and Table S2 ), suggesting EgNF-YA3 physically interacts with EgWRI1-1 to activate transcription of target oil biosynthesis genes. We investigated the possibility that EgABI5, EgNF-YC2, EgWRKY2 and EgWRKY40 physically associate with EgN-F-YA3 but not EgWRI1-1 in oil palm mesocarp. Co-immunoprecipitation revealed that EgNF-YA3 interacted with EgNF-YC2 and EgNF-YB-like, members of heterotrimeric CCAAT-binding factor family. Direct interactions between these factors with EgABI5 were identified and confirmed using yeast two-hybrid ( Figure S8 ). Both repressors, EgWRKY2 and EgWRKY40 were direct interacting partners in yeast two-hybrids ( Figure S8 ). The interaction of these transcription factors with EgWRI1-1, a known component of the oil biosynthesis regulatory complex, confirmed their function as activators and repressors of the oil biosynthesis pathway.
Hormone signaling during fruit development mediates oil biosynthesis transcriptional regulation Co-immunoprecipitation and GST-His 6 tag pull-down assays demonstrated that EgABI5, EgNF-YA3, EgNF-YC2, EgWRKY2 and EgWRKY40 interacted with transcription factors that are components of the hormone signaling pathway or could be responsive to hormones (Table S2) . RNA-seq provided further insights into the transcriptional change of hormone-responsive genes in transgenic plants overexpressing EgWRI1-1 (Data S1). Ethylene-mediated signaling pathway regulators including ETHYLENE-RESPONSIVE FACTOR 105 (ERF105), ERF8 and RELATED TO APETALA2-10, ABA-responsive elements-binding factor 3 involved in ABA signaling pathway, and an auxin signaling pathway repressor, Indoleacetic acid-induced protein 9 were activated by EgWRI1-1 overexpression in Arabidopsis. Transcriptional downregulation was observed for genes encoding regulators, including DELLA protein RGL1 involved in the gibberellin signaling pathway, two-component TYPE-A ARABIDOPSIS RESPONSE REGULATOR 5 involved in cytokinin signaling and ATAF2 involved in jasmonate signaling pathway. Transcription regulators involved in various hormonal signaling pathways showed differential expression with EgWRI1-1 overexpression, suggesting coordination between hormones during fatty acid biosynthesis.
To determine the temporal expression of activators and repressors of fatty acid biosynthesis in response to hormonal changes during fruit development, we performed qRT-PCR using mesocarp at varying weeks after pollination (WAP). In oil palm mesocarp, auxin, gibberellic acid and cytokinin reach a peak during the early phase at 60 days after pollination (DAP) and decrease during 100-120 DAP. Both ethylene and ABA hormones increase during fruit maturation to ripening phases at 120-160 DAP (Tranbarger et al., 2011) . Expression of EgWRI1-1 was relatively low at early stages 12-14 WAP and rose to a peak at 16 WAP during the onset of ethylene accumulation (Figure 6a ). The activators, EgABI5, EgNF-YA3 and EgNF-YC2 expression levels reached a peak during 14-16 WAP and decreased at 18 WAP during onset of lipid and carotenoid accumulation, where all hormones were present in low amounts (Tranbarger et al., 2011) . Expression patterns of both repressors, EgWRKY2 and EgWRKY40 were strongly expressed at 12-14 WAP and the expression levels were reduced at 16-20 WAP.
To verify the effect of hormones on the regulatory mechanism, we analyzed the transcript accumulation of these transcription factors in response to exogenous hormone treatment in oil palm 12 WAP mesocarp. In treatments T1, T2 and T3 where we simulated hormone signaling in mesocarp at 14, 18 and 20 WAP respectively, the expression patterns of target activators and repressors were similar as observed in the untreated control mesocarp at their targeted WAP (Figure 6a, b) . Low expression levels of EgABI5 and EgWRI1-1 in control were dramatically induced with exogenous ABA and ethylene treatments. Expression patterns of both EgNF-YA3 and EgNF-YC2 transcripts were almost identical in response to all hormone treatments, both transcripts were increased with all treatments containing ABA and slightly decreased by IAA, GA 3 and ethylene treatments. The transcript levels of EgWRKY40 decreased following exogenous ABA treatments, ethylene and GA 3 , whereas IAA treatment restored the expression of EgWRKY40, while EgWRKY2 transcript levels were downregulated by all hormones. These results suggest that the hormone levels during fruit development in oil palm may affect the recruitment of different hormone-responsive activators or repressors to the regulatory complex for oil biosynthesis genes regulation.
DISCUSSION
EgWRI1-1 participates in fatty acid synthesis in plastids and assembly of fatty acid in endoplasmic reticulum A previous study in oil palm revealed three EgWRI1 paralogues specific in mesocarp and endosperm, and their divergence in regulation of organ-specific fatty acid biosynthesis between oil palm and other crops (Dussert et al., 2013) . In this study, we provide direct evidence on the roles of oil palm mesocarp-specific EgWRI1-1 in activation of genes encoding de novo fatty acid biosynthesis enzymes EgPDHE1b, EgACS, EgBCCP, EgACCase, EgACP1, EgKASIII, EgEAR and EgLACS. Upregulated expression of genes that were direct targets of EgWRI1-1 in oil palm mesocarp and transgenic Arabidopsis overexpressing EgWRI1-1 suggests that EgWRI1-1 is a transcriptional enhancer of fatty acid biosynthesis genes. The accumulation of triacylglycerol in the mature seeds of transgenic WT:Pro 35S EgWRI1-1 plants was significantly increased, suggesting that enhancement of transcriptional activity of fatty acid biosynthesis genes by EgWRI1-1 potentially provides increased amounts of precursor molecules for oil biosynthesis and thus increases oil production.
Complementation of Arabidopsis atwri1-4 mutant (Columbia-0 background) by oil palm mesocarp-specific EgWRI1-1 demonstrated the ability of EgWRI1-1 in restoring the wrinkled phenotype of atwri1-4 seed and efficiently activates fatty acid biosynthesis pathway leading to 48% more seed oil accumulation than wild-type Columbia-0. Whereas Ma et al. (2013) have reported that complementary study of oil palm EgWRI1 in atwri1-1 recessive mutant in a wild-type Columbia-2 background leads to slightly increased seed oil content but none of the transgenic lines had an efficient over-accumulation of oil over the corresponding wild-type seeds. It is interesting to note that the mRNA levels of WRI1 differ in both wri1 mutants, despite both mutant lines lacking transcriptional activation of the fatty acid biosynthesis pathway in early maturing embryos and resulting in wrinkled seed and depletion of oil content. The atwri1-1 mutant line (Focks and Benning, 1998 ) exhibits a point mutation in the first intron of WRI1 gene leading to splicing defect and thus, the accumulation of aberrant WRI1 transcripts with first intron retained in maturing atwri1-1 seeds (Cernac and Benning, 2004; Baud et al., 2007) . The atwri1-4 mutant (Alonso et al., 2003) is T6, 120 ng g À1 IAA; T7, 45 ng g À1 GA 3 ; T8, ethylene, were included as controls. *P < 0.05, **P < 0.01 (t-test).
null allelic to WRI1 and exhibits T-DNA insertion in the 6th intron resulting in truncated WRI1-T-DNA transcripts with depleting WRI1 wild-type transcripts (Baud et al., 2007) . The wri1 mutant seeds retained fatty acid content of approximately 20-30% of wild-type in atwri1-1 (Focks and Benning, 1998; Baud et al., 2009 ) and approximately 45% of wild-type in atwri1-4 (Baud et al., 2007) suggesting different levels of unabolished basal transcriptional activity of glycolytic and fatty acid genes in both mutants. In addition, spatiotemporal regulation of WRI1 accumulation in seeds is affected by the promoter that drives its expression and wri1 mutant alleles (Baud et al., 2007) . Ultimately, mutants with diverse Arabidopsis accessions (Col-0 versus Col-2), progeny generation and insertion locus, specificity of promoters (classic 35S versus double 35S) and endogenous level of glycolytic and lipogenic genes may explain the apparent discrepancies observed in oil palm EgWRI1-1 complementary studies.
It is interesting to note that overexpression of EgWRI1-1 led to accelerated flowering phenotype (8 days earlier) with improved development of mature flowers, shoots and seed pods compared with wild-type. The earlier flowering phenotype did not compromise the vegetative growth in transgenic WT:Pro 35S EgWRI1-1 plants and in contrast led to accelerated growth of rosette leaves. In agreement with this observation, transgenic Arabidopsis ectopically expressing Brassica napus BnWRI1 had an accelerated flowering (4-6 days earlier) and enhanced oil accumulation in seeds, without visual change in the vegetative growth (Li et al., 2015) . We found that accelerated transition from vegetative to flowering growth by EgWRI1-1 triggered changes in gene expression of several key developmental regulators, direct or indirectly involved in photoperiodic flowering pathways. The photoperiodic control of flowering is mediated by the interaction of circadian clock and signal transduction of photoreceptors. In line with this, overexpression of EgWRI1-1 affected the gene expression of components involved in photoreceptors, circadian rhythm and proline metabolism, instead of central regulators of photoperiod pathway including CONSTANS and FLOWERING LOCUS T. This significant alteration in the reproductive development suggests that EgWRI1-1 has an important role in transcriptional regulation of photoperiod flowering genes.
Regulators activated EgWRI1-1 are members of the fatty acid biosynthesis pathway regulatory network Studies in Arabidopsis have identified regulators that activate basal activity of WRI1 in the seeds. Master regulators of seed maturation like LEC2, LEC1 and FUS3 are keys in specifying the regulatory action of WRI1 towards fatty acid metabolism in Arabidopsis (Baud et al., 2007; Mu et al., 2008) . Homologues for seed master regulators are absent from the transcriptome of oil palm mesocarp, however, this does not affect the expression of EgWRI1-1, particularly its regulation of oil biosynthesis pathway genes. This suggests a fruit-specific regulatory cascade independent of these seed master regulators in oil palm mesocarp. Through investigation of promoter binding sites and differential transcriptome profiling of high-and low-yielding oil palm plants, we short-listed five out of 27 transcription factors that may be involved in the EgWRI1-1 mesocarp regulatory network. Subsequently, we found that three; EgNF-YA3, EgNF-YC2 and EgABI5 positively modulate the transcription of EgWRI1-1, suggesting that these factors could facilitate oil biosynthesis by elevation of EgWRI1-1 expression or participate in oil biosynthesis regulatory complexes. Our findings further confirmed that EgNF-YA3, EgNF-YC2 and EgABI5 are also transcriptional activators of de novo fatty acid biosynthesis, fatty acid modification and triacylglycerol assembly genes. We identified that EgNF-YA3, EgNF-YC2 and EgABI5 regulate similar de novo fatty acid biosynthesis genes as EgWRI1-1, suggesting that they are potential players of the transcriptional regulatory network together with EgWRI1-1 in oil palm mesocarp controlling de novo fatty acid biosynthesis.
The ability of oil palm mesocarp-specific EgNF-YA3, EgNF-YC2 and EgABI5 to increase oil biosynthesis was shown in the seeds of transgenic Arabidopsis. These activators are not homologues to the seed oil biosynthesis master regulators LEC1, LEC2 and ABI3, but have high sequence similarity to their conserved family domains. In Arabidopsis, NF-YA3 and NF-YC2 are highly expressed in the embryo, while ABI5 in the developing seeds. ABI5 acts downstream of ABI3 for the activation of late embryogenesis programmes to arrest growth of germinating embryos (Lopez-Molina and Chua, 2000) . ABI5 and its family proteins ABI3 and ABI4, together with LEC1, LEC2 and FUS3 are involved in regulatory network controlling seed storage protein synthesis during the seed filling stage and seed maturation in Arabidopsis (Verdier and Thompson, 2008) . These suggest the substitution of these oil palm transcriptional regulators possessing conserved family domains in Arabidopsis potentially improve the embryo growth and activation of fatty acid biosynthesis in mature embryos during storage product accumulation.
Our studies further revealed that EgWRI1-1 interacted directly with EgNF-YA3 in the regulatory complex. EgNF-YA3 forms a heterotrimeric CCAAT-binding factor complex with EgNF-YC2 and EgNF-YB-like to modulate transcription of oil biosynthesis genes. Six ancestral groups of NF-YB proteins in plants are phylogenetically classified into two major types including the LEC1-type (LEC1 and LEC1-like) and the non-LEC1-type NF-YB proteins (four subgroup) (Kwong et al., 2003; Laloum et al., 2013) . The divergence of LEC1-type and non-LEC1-type groups has altered the cellular localization of NF-YB from a non-seed vascular into a seed-specific regulatory network (Xie et al., 2008) . Recent work in oil palm revealed NF-YB-1 and ZFP-1 transcription factors are core of the oil biosynthesis module in addition to EgWRI1-1 (Guerin et al., 2016) . EgNF-YB-like factor identified from our study is potentially EgNF-YB-1 factor that belong to the non-LEC1-type group. Thus far, alternative members of family transcription factors could share a redundant function to substitute and resolve the divergence in transcriptional regulation, while retaining the cross-species conservation of oil biosynthesis regulatory network between dicotyledon and monocotyledon plants.
Interestingly, EgNF-YA3, EgNF-YC2 and EgABI5 transcriptionally activate EgDGAT1 which is the rate-limiting enzyme in triacylglycerol biosynthesis. Despite no direct regulation of DGAT1 by WRI1, synergistic relationship between both genes in 'push/pull' strategies has increased flux of carbon from fatty acid into triacylglycerol synthesis in Nicotiana benthamiana transient expressing with both genes (Vanhercke et al., 2013) . WRI1 upregulates the transcription of late glycolysis and oil biosynthesis pathway (push), and increases glycerol-3-phosphate building blocks for triacylglycerol biosynthesis by DGAT1 (pull) (Vanhercke et al., 2013) . Transcriptional regulation of EgWRI1-1, de novo fatty acid synthesis genes and triacylglycerol assembly genes by EgNF-YA3, EgNF-YC2 and EgABI5 suggests that these regulators are intermediaries of push/pull mechanism of triacylglycerol metabolism in oil palm mesocarp.
EgWRKY40 and EgWRKY2 are repressors of fatty acid biosynthesis pathway
We showed that EgWRKY2 and EgWRKY40 were repressors in the regulatory network for oil biosynthesis in oil palm mesocarp. Genes involved in de novo fatty acid biosynthesis and fatty acid accumulation are targets of EgWRKY2 and EgWRKY40, and these genes are also positively regulated by activators including EgWRI1-1, EgNF-YA3, EgNF-YC2 and EgABI5. Transgenic overexpression of EgWRKY2 in a wild-type led to a slight decrease in accumulation of triacylglycerol in the corresponding mature transgenic seeds. Interestingly, transgenic plants overexpressing EgWRKY40 exhibited slightly improved reproductive development and total oil content accumulation in mature seeds. However, both transgenic lines produced shorter siliques and small seed phenotypes that possibly contributed to the lower observed triacylglycerol accumulation in mature seeds compared with the activator transgenic lines. Our data also demonstrated that EgWRKY40 and EgWRKY2 bound to the W-box in the promoter of EgABI5 but only EgWRKY40 was able to repress the transcription of EgABI5. This is consistent with the study in Arabidopsis, WRKY40, WRKY18 and WRKY60 antagonize to repress the expression of ABI5 and ABI4 in ABA signal transduction pathway (Liu et al., 2012) . EgWRKY2 was identified as a direct EgWRKY40-interacting partner in oil palm mesocarp oil biosynthesis pathway, indicating that repressing action on oil biosynthesis genes requires the recruitment EgWRKY2 into the repression complex. These results suggest that EgWRKY40 not only acts to limit the expression of oil biosynthesis genes but also represses the expression of the EgABI5, an activator of EgWRI1-1 and fatty acid regulatory network. EgWRKY40 may take part in two potential mechanisms, firstly by preventing the formation of the activator complex by binding to an activator, EgABI5 and inhibit its transcriptional activation of EgWRI1-1, and secondly, EgWRKY40 and EgWRKY2 may be incorporated into the regulatory complex to repress oil biosynthesis genes.
Regulatory pathway controlling oil biosynthesis is mediated by hormone signaling
Metabolic and hormonal signals regulate the development of fruit. Auxin, cytokinin and gibberellin are necessary for seed development and fruit growth, while ABA and ethylene are involved in the late stage of fruit maturation (Bonghi et al., 2011; Mariotti et al., 2011) . In oil palm mesocarp, auxin, gibberellic acid and cytokinin reach their peak during the early phase of ripening, between 60-100 days after pollination (DAP) while both ethylene and ABA increase during fruit maturation to ripening phases at 140-160 DAP (Tranbarger et al., 2011; Teh et al., 2014) . Here, EgWRI1-1, EgNF-Y factors, EgABI5 and EgWRKY factors were confirmed as part of the hierarchical regulatory network coordinating hormone-responsive transcriptional activation of fatty acid biosynthesis genes during fruit development. We found that mesocarp-specific EgWRI1-1 acts downstream of three ABA-responsive regulators, EgNF-YA3, EgNF-YC2 and EgABI5. These three factors interacted with bHLH (basic helix-loop-helix), NAC (NAM, ATAF1/ATAF2, CUC2), basic leucine zipper (bZIP) and zinc finger protein families that are targets of ethylene-responsive regulators involving in the ethylene-dependent, independent ripening regulatory and senescence pathways (Fujisawa et al., 2013; Hickman et al., 2013; Kim et al., 2014) . The dynamic hormone interplay was also evident in our RNA-seq experiment where we found transcriptional responses of hormone pathway regulators were sensitive to overexpression of EgWRI1-1. EgWRI1-1 induced transcription of genes encoding ethylene and ABA signaling pathway regulators, simultaneously reduced the expression of genes involved in gibberellin, cytokinin, jasmonate and auxin signaling pathways. These data indicates the coordination of hormone levels during fruit growth and maturation to ripening, suggesting a hormonal intercommunication mechanism and potential roles of these activators in fruit development that relies on a fine balance of integration between plant hormone signals.
EgWRKY2 and EgWRKY40 were identified as partners. EgWRKY2 and EgWRKY40 as repressors of the oil biosynthesis pathway, directly contact with members of the ARF, Squamosa and MYB families. The ARFs are key players in the gibberellin-auxin control mechanism regulating fruit initiation and fruit development (De Jong et al., 2009) . The binding sites for MYB, WRKY and bZIP transcription factors were found in the promoters of oil palm auxinresponsive genes involved in auxin signaling pathway, adding the complexity to oil biosynthesis regulation integrating hormone signaling in oil palm mesocarp. Together, direct interaction between various hormoneresponsive transcription factors with activators and repressors in mesocarp identified from our experiments suggest a synergistic interaction between auxin-, gibberellin-, ABA-and ethylene-responsive factors in coordination as a mechanism for mediating hormone intercommunication in fruit development and fatty acid accumulation in oil palm.
An integrated model for hormone-mediated oil biosynthesis regulation in oil palm mesocarp
We identified activators and repressors forming the integrated transcription network controlling oil biosynthesis linking these responses to hormonal changes during oil palm mesocarp development. Hormone signals at different phases of fruit development drive dynamic changes in the recruitment of regulators into the regulatory complex, to facilitate complete fruit growth to maturation prior to fatty acid accumulation in the mesocarp. Here, we propose a model highlighting the regulatory network that determines the oil biosynthesis in response to hormonal changes during mesocarp or fruit development (Figure 7) .
During the early phases of fruit development (10-14 WAP) (Figure 7a ), auxin and gibberellin are at highest concentration, whereas ABA and ethylene responses are minimal. Both EgWRKY2 and EgWRKY40, the repressors of the fatty acid biosynthesis pathway are expressed at high levels, potentially induced by high auxin levels. In addition, low expression levels of genes encoding oil biosynthesis pathway activators, including EgWRI1-1, EgNF-YA3, EgNF-YC2 and EgABI5 are observed. EgWRKY40 may repress transcription of EgABI5 by binding to its promoter and hindering the activation of EgWRI1-1, thus preventing the formation of an oil biosynthesis activation complex. Both repressors also confer a repressive action to the oil biosynthesis pathway genes. During the middle phase of fruit development (15-17 WAP) (Figure 7b ), lower expression levels of EgWRKY2 and EgWRKY40 are contributed by decreasing levels of hormones auxin and gibberellin, and the inhibition by the gradually increasing ABA concentrations. EgNF-YA3, EgNF-YC2 and EgABI5 bind and up-regulate their downstream target EgWRI1-1. Activation of EgWRI1-1 enables formation of the oil biosynthesis activation complex by recruiting other positive regulators, including EgNF-YA3, EgNF-YC2, EgABI5 and their partners, for activation of their downstream target oil biosynthesis genes, thus, leading to the rapid onset of oil accumulation in oil palm mesocarp.
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The activation of EgNF-YA3, EgNF-YC2, EgABI5 and EgWRI1-1 increase along with a massive increase of ABA and ethylene concentration during the fruit maturation phase (18-22 WAP) (Figure 7c ). High levels of ABA further repress transcription of EgWRKYs as well as their repressing activity to oil biosynthesis genes. High levels of activators also serve as a reinforcement mechanism to intensify oil biosynthesis and fatty acid accumulation until the stage of fruit ripening in oil palm mesocarp.
Taken together, these results provide a better understanding of oil biosynthesis in oil palm mesocarp that involves an intricate regulatory mechanism of activators and repressors in response to hormones, enabling accumulation of fatty acid at appropriate phases of mesocarp development. Moreover, our findings may provide an insight to other crops with oil-bearing mesocarp, including olive and avocado. Modulating the activators and repressors of the regulatory network and hormones may be an effective strategy for increasing oil productivity in oil-bearing crops.
EXPERIMENTAL PROCEDURES Plant Material and growth conditions
Oil palm mesocarp harvested at 12 WAP from Sime Darby Estate, Banting, Malaysia were used for mesocarp transactivation study using particle bombardment and for exogenous hormone treatments. The oil palm mesocarp was dissected into slices and acclimatized on Murashige and Skoog (MS) medium (Sigma-Aldrich, St. Louis, MO, USA) for 1 h. Slices of mesocarp were incubated for 1 h at 25°C after treated with 20-300 ng g À1 of ABA, 120 ng g À1 IAA and 45 ng g À1 GA 3 (Tranbarger et al., 2011) supplemented in MS medium, and 100 ll L À1 ethylene in an air tight chamber. Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used as the wild-type. The mutant exhibiting T-DNA insertion in the WRI1 gene (atwri1-4, SALK_008559C) in wild-type Col-0 background was identified from the Arabidopsis Biological Resource Center (Alonso et al., 2003) . Controlled environmental conditions were maintained at 22°C, 65% relative humidity and 120 lmol m À2 sec À1 illumination under long-day conditions, 16 h of light followed by 8 h of darkness.
Electrophoretic mobility shift assay (EMSA)
Open reading frames of EgABI5, EgNF-YA3, EgNF-YC2, EgWRKY2 and EgWRKY40 isolated from oil palm mesocarp were fused to GST-His 6 tag in pET49b and expressed in E.coli Rosetta-gami (DE3) (Novagen, Madison, WI, USA) strains. Transformants were grown at 37°C in terrific broth medium containing 50 lg ml À1 kanamycin and protein expression was induced with 1 mM of isopropyl-b-D-thiogalactopyranoside at 16°C with shaking at 250 rpm. Recombinant proteins were purified using paramagnetic Ni-particles, confirmed by protein blot with anti-histidine monoclonal antibody. The amino acid sequence was analyzed using mass spectrometer and MASCOT sequence query through SwissProt database (http://www.matrixscience.com). EMSA was conducted using purified recombinant proteins GST-His 6 :EgABI5, GST-His 6 : EgNF-YA3, GST-His 6 :EgNF-YC2, GST-His 6 :EgWRKY2 and GSTHis 6 :EgWRKY40. Promoter sequences of genes involved in oil biosynthesis pathway containing the cis-regulatory element sequences for ABRE, W-box elements and CCAAT-box binding elements were amplified by PCR using specific primers (Table S3) and confirmed by sequencing. EMSA binding reactions were performed in 20 ll of binding buffer (10 mM TRIS-HCl pH 8.0, 20 mM NaCl, 0.4 mM MgCl 2 , 0.5 mM ZnSO 4 , 0.25 mM EDTA, 0.25 mM dithiothreitol and 10% glycerol) containing 50 ng of GST-His 6 : transcription factor fusion proteins and 25 ng of each promoter fragment at room temperature for 10 min. The promoter fragments were mixed with 50 ng of GST-His 6 tag protein and b-galactosidase protein respectively as negative controls. The complexes were separated on 2% agarose gel with 0.5 lg ml À1 ethidium bromide in 19 TAE buffer.
Plasmid construction and Arabidopsis transformation
Open reading frames of EgWRI1-1, EgNF-YC2, EgNF-YA3, EgWRKY2, EgWRKY40 and EgABI5 were amplified from oil palm mesocarp using specific primers (Table S3) , cloned into pENTR TM / D-TOPO vector (Life Technologies, Carlsbad, CA, USA) and shuttled into destination vector pEarleyGATE103 (pEG103) with minor modification on double cauliflower mosaic virus 35S promoter (Earley et al., 2006) EgWRKY40 constructs were introduced into wild-type, and Pro 35S EgWRI1-1 in atwri1-4 (SALK_008559C) mutant through Agrobacterium tumefaciens (LBA 4404)-mediated transformation by vacuum infiltration into inflorescence. Homozygous transgenic T2 plants were selected through segregation analysis conducted on MS medium supplemented with 10 lg ml À1 glufosinate ammonium and selected plants were transferred to soil. Homozygous transgenic T3 to T5 lines were grown on soil with spraying of 100 mg L À1 glufosinate ammonium for 2 weeks. Transgenic seeds from T5 transgenic plants were used for all the studies. Pro 35S EgWRKY40, Pro 35S EgABI5 and pEG103 (control) were suspended in 80 ll of 60 mg 1 lm diameter gold particles, 80 ll of 2.5 M CaCl2 and 50 ll of 0.1 M spermidine, The DNA coated gold particles were bombarded into mesocarp tissue sections using the PDS-1000/He Biolistic Particle Delivery System (Bio-Rad Laboratories, Hercules, CA, USA), with 1550 psi rupture disks and vacuum at 27 mmHg pressure. Three independent bombardments were conducted for each construct with seven times replication. The bombarded mesocarp tissues were incubated at 28°C for 24 h post bombardment and gene insertion was confirmed by observation of green fluorescent protein (GFP) reporter gene expression using SMZ1000 microscope (Nikon Corporation, Tokyo, Japan). Total RNA was extracted from the bombarded mesocarp tissues with confirmed gene insertion for qRT-PCR analysis. The qRT-PCR was conducted using both untransformed and transformed mesocarp tissues, for quantification of GFP (as control, to determine the quantity of gene insertion), target transcription factors (baseline in mesocarp prior transformation and post-transformation) and reference genes (EgGRAS and EgCyp2) expression levels. Relative gene expression was calculated using delta-delta Ct method, calibrated against GFP expression (quantity of gene insertion) and baseline expression of transcription factor (untransformed), and normalized with two reference genes.
Quantitative RT-PCR analysis of transcripts
First-strand cDNAs were synthesized from 1 lg of total RNA of oil palm mesocarp using Omniscript RT (Qiagen) after DNase I treatment and quantified with StepOne Plus (Applied Biosystems, Foster city, CA, USA) with Fast SYBR Green Master Mix (Applied Biosystems, Foster city, CA, USA) according to manufacturer's instructions. Dissociation curves were generated to verify the amplification specificities. Independent qRT-PCR runs were conducted with three technical replicates and calibrated normalized relative quantity (CNRQ) values of transcripts were calculated using delta-delta Ct method using qBASE plus (Biogazelle, Ghent, Belgium). Expression of target genes in oil palm mesocarp were normalized to Gibberellin-responsive protein 2 (EgGRAS) and cyclophilin 2 (EgCyp2) (Yeap et al., 2014) . Gene expression in Arabidopsis was normalized to Actin-related protein (AtARP6), Protein phosphatase 2A subunitA2 (AtPP2AA2) and ARF-like GTPase family protein (AtASAR1) (Dekkers et al., 2012) . Student's t-test was conducted to evaluate the statistical significance in the differences observed in target gene expression between wild-type or control and the transformed samples.
Co-immunoprecipitation
Co-immunoprecipitation was conducted using Pierce Co-IP kit (Thermo Fisher Scientific Inc., Rockford, IL, USA) and polyclonal antibodies against transcription factors (GenScript Inc., Piscataway, NJ, USA) (Table S4 ). Nuclear proteins were isolated from oil palm mesocarp 16 WAP using CelLytic PN Isolation/Extraction Kit (Sigma-Aldrich) according to manufacturer's instruction. Polyclonal antibodies against target transcription factors (50 lg) were immobilized onto AminoLink Plus coupling resins and incubated overnight at 4°C with gentle shaking. Control agarose resin was used as negative control.
Pull-down assay
Recombinant transcription factors and GST-His 6 protein (negative control) were used for pull-down assays. Pull-down assays were conducted using a paramagnetic nickel particle purification system (Promega, Madison, WI, USA) with modifications. Recombinant proteins were incubated with the nuclear proteins isolated from oil palm mesocarp tissue 16 WAP at 4°C for 30 min with gentle shaking in a modified binding buffer (50 mM Tris, pH 7.5, 80 mM NaCl, 1 mM DTT, 10% v/v glycerol, 0.1% v/v Tween-20, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1% v/v plant protease inhibitor mixture). The unbound proteins were washed with wash buffer with addition of 20 mM NaCl and the interactive proteins were eluted using elution buffer from paramagnetic nickel particle purification system (Promega, Madison, WI, USA).
Mass spectrometry
The interactive proteins from pull-down assay and co-immunoprecipitation were analyzed using Agilent 1260 Infinity HPLC system coupled to Agilent 6549 mass spectrometer (Agilent Technologies, Palo Alto, CA, USA) and MASCOT sequence matching software with LudwigNR and Swiss-Prot database (http://www.matrixscie nce.com). Proteins with ion score threshold, equal or more than 30 and the calculated probability, P-value less than 0.05 (1 in 20 chance of being a false positive) were identified.
Yeast II hybrid assays
Open reading frames of transcription factors were isolated by PCR using primers (Table S3 ) and cloned into pGBK-T7 and pGAD-T7 vectors (Clontech Laboratories, Inc., Palo Alto, USA). The pGBKT7-transcription factor constructs were transferred into yeast strain Y2HGold on SD/-Trp plates (SDO), SD/-Trp/X-a-Gal (SDO/X) and SD/-Trp/X-a-Gal/Aureobasidin A (SDO/X/A) and incubated at 30°C for 3 days for autoactivation confirmation. The transcription factors were pairwise co-transformed into Y2HGold competent cells and spread onto DDO/XA and quadruple dropout medium (QDO) (SD/-Ade/-His/-Leu/-Trp)/X-a-Gal/Aureobasidin A (QDO/X/A) agar plates and incubated at 30°C for 3 days. The empty pGBKT7 paired with pGADT7-prey was used as negative control.
Total oil content analysis
Total seed oil content analyses were conducted on 25 mg of dried mature seeds from Arabidopsis using gravimetric lipid determination as described in Li et al. (2006) with minor modification. Dried seeds were weighed carefully on a Semi-Micro analytical balance to AE0.01 mg (Mettler Toledo, Greifensee, Switzerland). The seeds were initially ground in 0.5 ml and top up to 2 ml final volume with 6/4 hexane/isopropanol (v/v). The mixture was vortex for 2 min and sonicated for 15 min at room temperature. To the mixture, 1 ml of aqueous sodium sulphate (2.5 ml of 15% wt/vol) was added, vortex and centrifuged at 4000 rpm for 5 min to obtain phase separation. The lower phase was re-extracted with 2 ml of 6/4 hexane/isopropanol three times. The upper phase lipid extracts for all extractions were combined and transferred to clean new glass tubes. The lipid extracts were evaporated under oxygen-free nitrogen until constant weight was obtained. The total oil content was calculated by dividing the weight of lipid extracted with initial seed weight. Total oil content was conducted for three biological replicates of Arabidopsis transgenic line and wild-type seeds with three technical replicates.
RNA-Seq analysis
Total RNA was extracted from rosette leaves of three independent homozygous WT:Pro 35S EgWRI1-1 transgenic lines and wild-type Col-0. The quality and concentration of total RNAs were verified using high sensitivity Bioanalyzer chip (Agilent Technologies, Palo Alto, CA, USA) prior to library preparation. Sequencing was conducted using Illumina HiSeq2000 (Beijing Genome Institute, Shenzhen, China). The gene expression of level was quantified using fragments per kilobase of transcript over million mapped reads (FPKM) method to identify differentially expressed genes (DEGs) with two-fold or greater ratio difference and a divergence probability of 0.8 or greater between genes in wild-type and transgenic plants. Gene Ontology enrichment analysis and pathway enrichment analysis were conducted to characterize DEGs. Validation was performed using qRT-PCR.
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